a Diphosphoinositol phosphates (PP-InsPs) are an evolutionarily ancient group of signalling molecules that are essential to cellular and organismal homeostasis. As the detailed mechanisms of PP-InsP signalling begin to emerge, synthetic analogues of PP-InsPs containing stabilised mimics of the labile diphosphate group can provide valuable investigational tools. We synthesised 5-PCF 2 Am-InsP 5 (1), a novel fluorinated phosphonate analogue of 5-PP-InsP 5 , and obtained an X-ray crystal structure of 1 in complex with diphosphoinositol pentakisphosphate kinase 2 (PPIP5K2). 5-PCF 2 Am-InsP 5 binds to the kinase domain of PPIP5K2 in a similar orientation to that of the natural substrate 5-PP-InsP 5 and the PCF 2 Am structure can mimic many aspects of the diphosphate group in 5-PP-InsP 5 . We propose that 1, the structural and electronic properties of which are in some ways complementary to those of existing phosphonoacetate and methylenebisphosphonate analogues of 5-PP-InsP 5 , may be a useful addition to the expanding array of chemical tools for the investigation of signalling by PP-InsPs. The PCF 2 Am group may also deserve attention for wider application as a diphosphate mimic.
Introduction
The diphosphoinositol phosphates (PP-InsPs, "inositol pyrophosphates") are of fundamental importance to all eukaryotes, with pivotal roles in cellular and organismic metabolic homeostasis (Fig. 1) . 1 The acute clustering of monophosphate and diphosphate groups around the hexahydroxycyclohexane ring of myo-inositol (Ins) endows the PP-InsPs with the most concentrated three-dimensional array of phosphate groups found in Nature. 1 The PP-InsPs are formed through the enzymatic phosphorylation of myo-inositol hexakisphosphate (InsP 6 , Fig. 1 ) by inositol hexakisphosphate kinases (IP6Ks) and diphosphoinositol pentakisphosphate kinases (PPIP5Ks). 2 Among the PP-InsPs, 5-diphospho-myo-inositol pentakisphosphate (5-PP-InsP 5 , also known as "5-InsP 7 ") is both the most abundant and the most intensively studied member of this signalling family.
An understanding of the molecular actions of PP-InsPs by their addition to cell-free systems can be confounded by the enzymatic and chemical instability of the diphosphate (PP) component. Therefore, we and other workers have developed more stable, synthetic versions of PP-InsPs in which the PP groups are replaced with phosphonoacetate (PA) 3, 4 or methylenebisphosphonate (PCP) [4] [5] [6] [7] groups (Fig. 1) . 8 Thus, a tethered version of 5-PCP-InsP 5 was recently used to search for novel binding proteins for PP-InsPs. 9 Metabolically-stable PP-InsP analogues can also be informative for structural analysis of enzyme/substrate crystal complexes. For example, we have used 5-PA-InsP 5 to reveal a previously unidentified ligand capture site on PPIP5K2. 10 While PA analogues are relatively easy to synthesise, the carboxylic ester of the PA group could be prone to chemical hydrolysis at high pH and/or enzymatic cleavage by cellular esterases. 11 In both PA and PCP analogues, the bridging oxy-analogue for protein binding sites. 12 A well-established approach to this problem, originally developed by Blackburn and co-workers, 13 involves replacing the phosphonate CH 2 group with difluoromethylene (CF 2 ). The more electronegative CF 2 group increases the acidity of the phosphonic acid and, in addition, the CF 2 group itself has greater electronic and steric similarity to the bridging oxygen atom of a phosphate than does CH 2 . 14 The difluoromethylenephosphonate (PCF 2 ) group has been particularly useful as a phosphate mimic in the development of protein tyrosine phosphatase inhibitors. 15, 16 In nucleotide chemistry, the difluoromethylenebisphosphonate (PCF 2 P) motif has been used to mimic PP in stable analogues of nucleoside diphosphates and triphosphates. 17 Although the PCF 2 P group has been proposed as a potential PP mimic in stabilised analogues of PP-InsPs, this was anticipated to present a considerable synthetic challenge, 5, 18 and while several PCP-InsPs have been synthesised, [4] [5] [6] [7] no fluorinated equivalents have yet been disclosed. In the current report, we explore an alternative approach to a fluorinated isopolar analogue of a PP-InsP, building on our earlier work with phosphonoacetic acid (PA) esters. Although replacing the CH 2 group in the β-ketophosphonate fragment of a PA ester with CF 2 is possible, the resulting difluoroacetate ester would be very labile to hydrolysis. Therefore, we chose to replace the ester of PA with a stable amide linkage, allowing the inclusion of the electron-withdrawing CF 2 group in place of CH 2 . In the resulting analogue, 5-PCF 2 Am-InsP 5 (1, Fig. 1) , the terminal phosphonate group should more closely resemble the corresponding β-phosphate group of 5-PP-InsP 5 in its electronic properties than in either the PA or the PCP equivalents. The α-phosphono-α,α-difluoroacetamide (PCF 2 Am) unit lacks a close equivalent to the α-phosphate of PP, but the amide carbonyl retains the potential to accept H-bonds and the rigidity of the amide structure itself may confer advantages at some binding sites. To the best of our knowledge, the PCF 2 Am motif 19 has not previously been explored as a diphosphate isostere, although it has been used successfully in analogues of 1,3-bisphosphoglyceric acid as inhibitors of phosphoglycerate kinase 20 and in the design of inhibitors of aspartate carbamoyltransferase 21 and protein tyrosine phosphatases. 16 
Results and discussion
Synthesis of 5-PCF 2 -Am-InsP 5 (1)
To construct compound 1, we needed to synthesise an appropriately protected 5-deoxy-5-amino-myo-inositol intermediate (Scheme 1). We have previously shown 22 that regioselective sulfonylation of butanediacetal (BDA) protected myo-inositol 2 (ref. 3, 22 and 23) using triflic anhydride, followed by solvolysis using wet dimethylacetamide, gives inversion of configuration at C-5, to produce the neo-inositol acetate derivative 3 via an iminium ion intermediate. 22 In the present work, we used a second triflate esterification of the free OH group in 3 followed by treatment with sodium azide in DMF to give a second configurational inversion, returning us to the myo-inositol configuration in the 5-deoxy-5-azido-myoinositol derivative 4. ‡ Compound 4, with its combination of acid-and base-labile protecting groups, is a potentially versatile intermediate in itself. However, to simplify the current synthesis, we sequentially replaced these labile protecting groups with benzyl ethers. Thus, replacement of the 2-O-acetate ester with a 2-O-benzyl ether gave 5, a precursor for the synthesis of analogues of 5-PPInsP 4 . Next, the BDA groups were removed and replaced with benzyl ethers to give pentabenzyl 5-deoxy-5-azido-inositol 6. Reduction of the azide group in 6 using LiAlH 4 now gave the 5-deoxy-5-amino-inositol 7 in quantitative yield. The next step was to introduce the phosphonodifluoroacetamide unit (Scheme 2). Thus, reaction of 7 with diethyl phosphonodifluoroacetic acid 24 gave phosphonodifluoroacetamide 8. The benzyl protecting groups in 8 were removed by catalytic hydrogenolysis over PdĲOH) 2 /C to give pentaol 9. Phosphitylation using bisbenzyloxydiisopropylaminophosphine activated with 5-phenyl-1H-tetrazole then gave the intermediate pentakisphosphite, which was observed by 31 P NMR, but not isolated. Oxidation of phosphites with mCPBA yielded the fullyprotected pentakisphosphate 10. Finally, the benzyl and ethyl protecting groups in 10 were cleanly removed using TMSBr in dichloromethane followed by MeOH. To determine whether 1 could act as a mimic of 5-PP-InsP 5 , we examined its interaction with the kinase domain of human PPIP5K2. We used a "reverse-kinase" assay that records ATP generated from 0.1 mM ADP during the dephosphorylation of 100 nM 1, 5 The electron density for 1 ( Fig. 2C ) clearly shows that the planar amide unit adopts the Z conformation, and with the amide NH antiperiplanar to H-5 of myo-inositol. The carbonyl oxygen of the amide is orientated similarly to one nonbridging oxygen atom of the α-phosphate of bound 5-PPInsP 5 ( Fig. 2E and F) . Additionally, one of the fluorine atoms in the CF 2 group stretches its position to that of the other non-bridging O-atom of an α-phosphate, which is expected to bring the negative charge distribution in this region closer to that of 5-PP-InsP 5 than occurs with the PA analogue. The terminal phosphonate group in bound 1 is held in an extended conformation (Fig. 2E) although its orientation is different to that of the corresponding β-phosphate group in 5-PP-InsP 5 bound to PPIP5K2 (Fig. 2F ).
Conclusions
We have described the design and synthesis of a novel type of stable PP-InsP analogue containing a phosphonodifluoroacetamide (PCF 2 Am) structure, intended to mimic the 5-diphosphate (PP) group of 5-PP-InsP 5 . As proof of principle, we examined the interaction of the new analogue, 5-PCF 2 Am-InsP 5 (1) , with the catalytic domain of the diphosphoinositol pentakisphosphate kinase PPIP5K2. A crystallographic study showed that 1 binds to the PP-InsPbinding site of the PPIP5K2 kinase domain in a similar orientation to that of the natural substrate 5-PP-InsP 5 and that the PCF 2 Am structure can mimic several functionally important aspects of the diphosphate group (PP) in 5-PP-InsP 5 .
Recent years have seen a rapid increase in reported functions of PP-InsPs, the identification of their target proteins, and the characterisation of metabolising enzymes. Stabilised analogues of PP-InsPs have often played valuable roles in this work. No single analogue of a PP-InsP can perfectly mimic its steric and electronic features in all environments, and a range of compounds with complementary properties therefore offers a more versatile analytical approach. It is in this context that we propose that 5-PCF 2 Am-InsP 5 (1) brings new opportunities. For example, the presence of the CF 2 group in 1 means that its terminal phosphonate group should be more acidic than the equivalent group in 5-PA-InsP 5 or 5-PCP-InsP 5 , making it more similar in this respect to the β-phosphate of 5-PP-InsP 5 and potentially allowing stronger interactions with protein binding sites. In addition, the rigidity of the amide unit in 1 means that the PCF 2 Am unit contains fewer rotatable bonds than the equivalent PP, PA or PCP structures. A more rigid ligand is less likely to lose entropy on binding than a more flexible one, and thus may bind more tightly to some sites. Note also that the 5-diphosphate in 5-PP-InsP 5 participates in complexing a hydrated Mg 2+ ion, a property that is mimicked in the complex of 5-PCP-InsP 5 with PPIP5K2. 7 This Mg 2+ ion is not present in the complex with 1 (Fig. 2E) . Thus, 5-PCF 2 Am-InsP 5 may be particularly useful for studying ligand/protein interactions that do not involve Mg 2+ . 9 To the best of our knowledge, the PCF 2 Am group has not been previously employed as a diphosphate mimic; given the large number of biomolecules that contain diphosphate or polyphosphate motifs, it may find wider applications than those outlined here.
Experimental

General chemistry methods
All reagents and solvents were of commercial quality and were used without further purification. Petroleum ether used for chromatography and crystallisations was of fractions 40-60°C. Alcohol 3 was synthesised as previously reported.
22
Diethyl phosphonodifluoroacetic acid was synthesised according to a literature procedure. 24 Thin-layer chromatography (TLC) was performed on pre-coated aluminium plates (Merck, silica gel 60, F254 
1,2,3,4,6-Penta-O-benzyl-5-deoxy-5-azido-myo-inositol (6)
To a stirred solution of 5 (507 mg, 0.968 mmol) in dichloromethane (5 mL) was added 95% aqueous TFA (5 mL). A yellow colour (butanedione) appeared within 30 s. After 30 min, the solution was concentrated to leave the crude tetraol as a white solid (325 mg). This solid was taken up in dry DMF (10 mL) and the solution was cooled to 0°C, before sodium hydride (60% suspension in mineral oil, 240 mg, 6.0 mmole) was added. The stirred suspension was allowed to warm to room temperature and then cooled again to 0°C before benzyl bromide (0.60 mL, 5.1 mmol) was added, dropwise. The cooling bath was removed and the mixture was stirred overnight (16 h) at room temperature. Excess NaH was destroyed by careful addition of water and the solution was concentrated. 
1,2,3,4,6-Penta-O-benzyl-5-deoxy-5-amino-myo-inositol (7)
To dry THF (3 mL) under argon was added LiAlH 4 (1.0 mL of a 1.0 mol dm −3 solution in THF, 1.0 mmol). The solution was stirred at 0°C under argon and a solution of the azide 6 (420 mg, 0.640 mmol) in dry THF (4 mL) was injected over 10 min. After 30 min, the cooling bath was removed and the solution was stirred at room temperature for a further 1 h. The solution was then cooled to 0°C again and excess LiAlH 4 was destroyed by addition of ethyl acetate (2 mL). The solution was allowed to warm to room temperature and then diluted with water (20 mL). The suspension was extracted with diethyl ether (3 × 20 mL). The aqueous layer was re-extracted with dichloromethane (20 mL) and the combined organic extracts were then washed with brine (50 mL), dried (MgSO 4 ) and concentrated to give amine 7 as a white solid (402 mg, 0.638 mmol, 100% 
To a solution of amine 7 (141 mg, 0.224 mmol) and EDAC (86 mg, 0.448 mmol) in dry dichloromethane (3 mL) under N 2 was added a solution of diethyl phosphonodifluoroacetic acid 24 (104 mg, 0.448 mmol) in dry dichloromethane (2 mL). found 842.3264.
5-Deoxy-5-(diethylphosphonodifluoroacetamido)-myo-inositol (9)
To a solution of 8 (130 mg, 0.154 mmol) in methanol (8 mL), THF (2 mL), deionised water (2 mL) and acetic acid (1 mL) was added palladium hydroxide on activated charcoal (20%, 50% water, 50 mg). A stirred solution of 10 (68 mg, 40 μmole) in dry dichloromethane (2 mL) was cooled to 0°C under N 2 and trimethylsilyl bromide (1 mL) was added dropwise over 5 min. The solution was allowed to warm gradually to room temperature, and stirring was continued for 48 h. The solution was concentrated and methanol (5 mL) was added to the residue. The resulting colourless solution was stirred at room temperature for a further 1 h, and then concentrated to give a white gum. The gum was washed with diethyl ether (3 × 2 mL), then taken up in aqueous triethylammonium bicarbonate (1.0 mol dm −3 , pH 7.6, 5 mL). This solution was then washed with diethyl ether (3 × 5 mL) and concentrated. Protein expression, purification, crystallisation and structure determination
The kinase domain of human PPIP5K2 (residues 41-366) was sub-cloned, expressed and purified as before. 25 PPIP5K2 kinase domain was crystallised by hanging drop vapour diffusion against a well buffer of 12% (w/v) PEG 3350, 20 mM MgCl 2 , 0.1 M HEPES, pH 7.0, 2 mM CdCl 2 , 1 mM AMPPNP at 4°C. The crystals were transferred to a stabilising buffer containing 22% (w/v) PEG 3350, 10 mM MgCl 2 , 0.1 M sodium acetate, pH 5.2 at 4°C and the crystals were then soaked under the above stabilising buffer for three days with 2 mM compound 1. Cryosolvent was prepared by adding 33% ethylene glycol into the soaking buffer. Diffraction data were collected using APS beamlines 22-ID. All data were processed with the program HKL2000. The structure was determined using rigid body and direct Fourier synthesis, and refined with the equivalent and expanded test sets. The structure was further manually rebuilt with COOT and refined with REFMAC from the CCP4 package. Ligand topology and parameter files were prepared using the PRODRG server. The molecular graphics representations were prepared with the program PyMol (Schrödinger, LLC). Atomic coordinates and structure factors have been deposited with the Protein Data Bank with accession code 6N5C.
PPIP5K2 kinase assay
Human PPIP5K2 kinase domain (residues 1-366, 2.5 μg mL −1 ) was incubated at 24°C for 30 min with buffer containing 20 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 0.1 mM ADP, 100 nM 1,5-[PP] 2 -InsP 4 and various concentration of compound 1 in a 20 μL assay. The generated ATP was measured using a Molecular Probes ATP Determination kit (Thermo Fisher Scientific catalog number A22066). The IC 50 value for 1 was calculated using GraphPad Prism.
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